Abstract-While overuse of the supraspinatus tendon is a leading factor in rotator cuff injury, the underlying biochemical changes have not been fully elucidated. In this study, torn human rotator cuff (supraspinatus) tendon tissue was analyzed for the presence of active cathepsin proteases with multiplex cysteine cathepsin zymography. In addition, an overuse injury to supraspinatus tendons was induced through downhill running in an established rat model. Histological analysis demonstrated that structural damage occurred by 8 weeks of overuse compared to control rats in the region of tendon insertion into bone. In both 4-and 8-week overuse groups, via zymography, there was approximately a 180% increase in cathepsin L activity at the insertion region compared to the controls, while no difference was found in the midsubstance area. Additionally, an over 400% increase in cathepsin K activity was observed for the insertion region of the 4-week overused tendons. More cathepsin K and L immunostaining was observed at the insertion region of the overuse groups compared to controls. These results provide important information on a yet unexplored mechanism for tendon degeneration that may operate alone or in conjunction with other proteases to contribute to chronic tendinopathy.
INTRODUCTION
Injuries to the shoulder, particularly to the supraspinatus tendon of the rotator cuff, are significant disabilities in athletic and occupational settings. 40 The factors that cause the progression of rotator cuff disorders have not been completely elucidated, but it is accepted that repetitive loading or ''overuse'' of the supraspinatus tendon is a major contributor to degenerative tissue changes. 28 Surgical intervention has been used to treat recalcitrant pain and tendon tears; however, reinjury rates have been as high as 57% 8 and do not address the underlying pathophysiology that can lead to tendon ruptures.
The etiology of overuse-based tendon injuries is complex and likely depends on both intrinsic (biologic) and extrinsic (loading) factors. 7, 38 However, because type I collagen is the main extracellular matrix (ECM) constituent that imparts the tensile strength necessary for tendon function, 18 much attention has centered on this ECM component in understanding tendinopathy. Specifically, supraspinatus tendons have shown decreased collagen content or expression as a result of degeneration or failed healing. 2, 36 The importance of collagen catabolism as a part of pathology progression in tendinopathy has resulted in a focus on the family of matrix metalloproteinases (MMPs). Previous studies examining the healing of tendon after tendon rupture have found increases in expression and activity of MMP-1 16 and MMP-13, 26 but a range of proteases likely take part in tendon degeneration.
The contributions of cysteine cathepsins, a family of lysosomal and secreted proteases, are increasingly recognized in tissue maintenance and a variety of degenerative tissue diseases. They have been identified as the most potent mammalian collagenases capable of cleaving types I and II collagens both intrahelically and at the telopeptide regions, whereas other collagenases only cleave at one or the other. 17 Cathepsin K, associated with bone remodeling, has been implicated in collagen proteolysis in osteoarthritis, 13 while cathepsin L, potent in cleaving at collagen telopeptide regions, has been found in myopathies. 14 Additionally, cathepsins can play important roles in activating other proteases such as MMPs 15 and the serine proteases urokinase-type plasminogen activator. 19 Sustained expression of these proteases has been linked with chronic tissue degeneration and disease progression. 12 Since cathepsins have a vital role in initializing and significantly contributing to proteolytic cascades, their involvement in tendon degeneration may shed light on the mechanisms of chronic tendon diseases.
Recently, the Platt laboratory has developed a multiplex assay to determine levels of active cathepsin in tissue samples. 43 Multiplex cathepsin zymography is a sensitive electrophoretic technique that separates proteases and correlates the gelatin substrate digestion with proteolytic activity, 43 and can be more sensitive than Western blotting. 25 Using this technique, torn human supraspinatus tendon tissue was analyzed for the presence of active cathepsins in this study to represent an ''end-point'' of the disease state (see Fig. 1 ).
Based on these results, a more detailed study to examine the role of cathepsins in tendon overuse was performed in a rat model. In regards to animal models pertinent to the study of this pathology, the rat has been shown to have similar shoulder anatomy to humans, with a coracoacromial process that the supraspinatus tendon slides beneath, which may increase tissue damage in tendinopathy. 39, 41 Tendon overuse in this well-established animal model has shown altered tendon architecture and biomechanical properties 42 and decreased gene expression of type I and III collagens. 1 In this study, after up to 8 weeks of decline running on a treadmill, supraspinatus tendons of Dahl Salt Resistant rats were analyzed for differences between the region closest to the osseotendinous junction (the insertion region) and the region encased in muscle (the midsubstance region). Tissue damage was evaluated histologically and contralateral tendons underwent analysis via cathepsin zymography. We hypothesized that the overuse protocol would primarily cause tissue damage at the insertion region (due to possible impingement from the overlying acromion) and that there would be a concomitant increase in cathepsin activity in the overused tendon, thus implicating cathepsin upregulation and activity in degenerative tendon disorders.
METHODS

Human Tendon Tissue
Debrided fragments of tendon tissue from six patients (45-60 years of age) undergoing arthroscopic supraspinatus tendon repair for chronic tears (symptoms 3+ months) were collected by surgeons at the Emory Orthopaedics and Spine Center. Each patient provide written informed consent and only non-identifying data were collected. The study protocol, including tissue collection and storage conditions were approved by Georgia Institute of Technology and Emory University's Institutional Review Board. Samples were assayed by cathepsin zymography as detailed below.
Rat Model
Twenty-four male Dahl Salt Resistant rats (330 ± 20 g initial weight, 12-13 weeks initial age, Harlan Labs) were used in this study, as approved by Georgia Institute of Technology's Institutional Animal Care and Use Committee. This rat strain was selected because it is derived from the outbred Sprague-Dawley used previously, 42 readily available, heavier than many other inbred strains and amenable to a running protocol. 4 Twelve rats were acclimated to the running regime for 2 weeks to run at a final speed of 17 m/min at a 10°decline for 1 h/day for 5 days/week, as described previously. 42 In the experimental group, rats were subjected to exercise for 4 or 8 weeks (n = 6 animals/group or n = 12 tendons/group). Age-matched rats that were allowed cage activity served as controls (n = 6 animals/timepoint). At each endpoint, the supraspinatus muscle was detached from the scapula and the humerus was bisected by bone rongeurs. The bone-tendon-muscle units were wrapped individually in saline-soaked gauze and frozen until further processing. Samples were analyzed via cathepsin zymography and histology/immunohistochemistry, as detailed below.
Histological Staining and Scoring
For histological evaluation, rat tendons were thawed and peritendon tissue and the majority of muscle were removed. Tendons were sharply dissected from their bony attachment. To prepare samples for cryosectioning, tendons were embedded in a 40:60 solution of 20% sucrose:optimum cutting temperature (OCT) compound (Sakura Finetek) solution, placed under vacuum for 10 h to increase penetration of embedding medium, and frozen in isopentane chilled by liquid nitrogen. Tendons were sectioned with a cryostat (Thermo Scientific CryoStar NX70) into 10 lm sections, longitudinal to the tendon.
Slides stained with hematoxylin (Sigma-Aldrich) and eosin (EMD Chemicals) (H&E) were imaged with a Nikon Eclipse 80i. Slides stained with picrosirius red (Sigma-Aldrich) were imaged with an Olympus BX51 polarized light microscope mounted with an Olympus Camedia C-5060 digital camera. Histological grading of H&E stained sections was carried out using a semiquantitative scale, similar to the Bonar and Movin scales. 11, 27 Categories for histological scoring included regional variations in cellularity, cell shape, collagen fiber organization, and vascularity (Table 1) . A 4-point scoring system was used, where 0 indicated normal appearance and 3 a markedly abnormal appearance. Four graders (JL, MG, TER, TM), blinded to the sample types, scored four images from each tendon (n = 3 tendons/group/timepoint). Within each timepoint, the categorical scores of the control and experimental groups were compared.
Multiplex Cathepsin Zymography
For cathepsin zymography, rat tendons were isolated from muscle and bone (n = 4 tendons/treatment/ timepoint). The tendons were systematically divided into the insertion and midsubstance regions by transecting the tendon at 17% of the total length from the insertion end. This proportion consistently excluded the region encased in muscle from the insertion region and provided enough protein for subsequent assays. Due to overall small size of human samples, they were not divided prior to analysis. All samples were diced and homogenized in PlusOne grinding kits (GE Healthcare) in lysis buffer [20 nM Tris-HCl at pH 7.5, 5 mM ethylene glycolbis(2-aminoethylether)-N,N,N¢,N¢-tetraacetic acid (Sigma-Aldrich), 150 mM NaCl (BDH), 20 mM b-glycerolphosphate (Alfa Aesar), 10 mM NaF (SigmaAldrich), 1 mM sodium orthovanadate (Sigma-Aldrich), 1% Triton X-100 (EMD Chemicals), 0.1% Tween-20 (Fisher Scientific)] with freshly added 0.1 mM leupeptin (Affymetrix). Supernatants were cleared by centrifugation and collected. Protein quantification of supernatants was performed with a micro BCA kit (Pierce). Cathepsin zymography was performed on tissue lysates as previously described. 25, 43 Briefly, non-reducing loading buffer [5X 0.05% bromophenol blue (Fisher Scientific), 10% sodium dodecyl sulfate (SDS, Amresco), 1.5 M Tris (Fisher Scientific), 50% glycerol (EMD Chemicals)] was added to 12 lg of rat protein or 11 lg of human protein prior to loading samples into gel. For rat samples, control and experimental samples from the same timepoint were run on the same gel (n = 4/group). Samples were loaded into 12.5% SDS-polyacrylamide (Protogel) gels containing 0.2% gelatin (Sigma-Aldrich) and resolved at 110 V at 4°C. Enzymes within gels were renatured in 65 mM Tris buffer pH 7.4 with 20% glycerol for three washes, 10 min each. Gels were then incubated in pH 4 activity buffer [acetate buffer, 1 mM ethylenediamine tetraacetic acid (Fisher Scientific), freshly added 2 mM dithiothreitol (Sigma-Aldrich)] for 17 h at 37°C. Thereafter, gels were rinsed and stained with Coomassie Blue (Sigma-Aldrich) and imaged with an ImageQuant LAS 4000 (GE Healthcare). 8.3 ng cathepsin V (Enzo Chemicals) served as a positive control for all gels. For rat tendons, densitometry analysis was performed on images using ImageJ (NIH) to quantify the cleared bands that represent proteolytic activity and values were normalized to the cathepsin V band within the same gel. Values are reported as mean ± standard deviation.
Immunofluorescence Staining
For immunofluorescence, slides were fixed in acetone (BDH), blocked with 2% normal goat serum (Vector Labs) for 1 h and incubated with 1:100 dilution rabbit anti-rat cathepsin K (Santa Cruz Biotechnology) or L (Abcam) primary antibody overnight at 4°C in a humidified chamber. Goat anti-rabbit secondary antibody (Invitrogen) at 1:200 dilution was applied and sections were counterstained with 4¢,6-diamidino-2-phenylindole dihydrochloride (DAPI, Anaspec) and imaged with a Nikon Eclipse TE2000-U. Additional sections of two of the tendons/treatment/ timepoint used for histological scoring were stained in this portion of the study.
Statistical Analysis
Categorical scores from histological evaluation were compared between the control and running groups by the non-parametric Mann-Whitney test. Data from cathepsin zymography were Box-Cox transformed and analyzed by t tests on a per zymogram basis. All statistical analyses were evaluated at a statistical significance level of p < 0.05. Statistical analysis was performed with Minitab software.
RESULTS
Human Multiplex Cathepsin Zymography
Zymography of human tendon tissues from chronic injuries demonstrated the obvious presence of active cathepsins K (75 kDa), V (37 kDa), S (28 kDa), and L (20 kDa) (Fig. 1 ) in 5 of 6 patient samples. Varying levels of cathepsin activity was detected in each human sample. Cathepsin L appeared more active in patients 2, 3, and 4, and patients 6 and 7 displayed high K, V, and S activity, while patient 5 displayed very little activity.
Histological Imaging and Scoring
H&E stained histological sections revealed that tissue-level changes were more prominent in the insertion regions of the tendons compared to the midsubstance regions. The 4-week control tendon (Fig. 2a) showed tightly packed fibers and aligned cells at the insertion region. The 4-week overuse insertion region (Fig. 2b) showed minor collagen disorganization, as evidenced by the appearance of demarcated fibers with less dense staining between them, but collagen fiber bundles remained largely intact. The 8-week control insertion region displayed mostly intact collagen bundles with sparse and aligned tenocytes (Fig. 2c) . By 8 weeks of overuse, collagen fiber thinning and separation from larger bundles was more obvious in the tendon insertion region (Fig. 2d) compared to the age-matched control (Fig. 2c) . In contrast to the changes observed at the insertion regions, the midsubstance regions, where tendon is encased in muscle, exhibited similar morphology across time and condition: tightly packed collagen fibers with elongated tenocytes oriented along the axis of the tendon (Figs. 2e-2h ).
H&E-stained control and experimental samples evaluated within each timepoint by the semi-quantitative scoring system (Table 1) showed significant differences only at the insertion region. For the 4-week group, although the medians were the same between overuse and control group, the distribution in scores for cell shape at the insertion region was significantly different, with more instances of cell roundness (as indicated by nuclei shape) noted in the overuse group (Table 2 ). More regional variation in cellularity was observed in the 4-week control insertion region compared to the overuse group, suggesting that a portion of cells in control tendons were not as uniformly distributed. For the 8-week group, both cell shape and fiber organization scores were significantly different ( Table 2 ). The insertion region of the 8-week overuse group showed more cells with increased roundness and size (Fig. 2) than the control group. Additionally, in regards to collagen fiber organization, the insertion region of the 8-week overuse group showed more instances of fiber separation than the control group.
Vascularity, denoted by clusters of capillaries, was rarely noted by the observers in the tendon sections and assigned scores did not show any significant difference between overuse and control groups.
Picrosirius red stained sections imaged under circular polarized light exhibit yellow to red staining characteristic of large and organized collagen fibers (Fig. 3) . While the crimping pattern of the control insertion region was uniform and uninterrupted across the section (Fig. 3a) , the overuse insertion region showed less collagen packing and disturbed crimping (Fig. 3b, boxes) .
Rat Multiplex Cathepsin Zymography
Incubation of the zymography gels in pH 4 activity buffer during the overnight assay period selects for murine cathepsin L over the other cathepsins, producing an active band between 25 and 35 kDa, 43 and this activity was detected in all of the tendon samples as evidenced by the cleared white bands in the zymograms (Figs. 4a and 4d) . Zymograms exhibited high molecular weight bands (50-75 kDa) bands for some samples (Fig. 4a ), which were attributed to cathepsin K bound to ECM, as was seen in osteoclasts in previous studies. 34 Densitometric quantification of band intensities determined that by 4 weeks, the activity of cathepsins L and K were higher in the insertion region of the overuse group compared to the control group by 1.8-and 4.2-fold, respectively (Figs. 4b and 4c, n = 3-4, p < 0.05). Additionally, by 8 weeks, cathepsin L activity was 1.8-fold higher in the insertion region of the overuse group compared to agematched controls (Fig. 4e) , although there was no longer a statistically significant increase for cathepsin K (Fig. 4f) . No significant differences were observed for cathepsin activity in the midsubstance regions between the overuse and control groups for either timepoint or cathepsins (Figs. 4b and 4e ).
Immunofluorescence Staining
Immunofluorescence staining was employed in order to confirm the presence of cathepsin L and K. Positive controls for immunostaining were confirmed with same antibody on sections of rat spleen, and negative staining was conducted without the primary antibody (data not shown). Cathepsin staining was localized within or in close proximity to a cell. The tendon midsubstance regions showed similar positive levels of staining for overused and control tendons (data not shown), while there were more marked differences in staining at the insertion regions. For cathepsin L staining at the insertion regions, the 4-and 8-week controls showed similarly low levels of cathepsin staining (Figs. 5a and 5b) . The 4-and 8-week overuse group (Figs. 5e and 5f) showed more intense and uniformly distributed staining at the insertion region compared to their age-matched controls (Figs. 5a and 5b) . Cathepsin K staining was slightly more variable in the 4-week overuse group (Fig. 5g) , but overall showed more positive staining than seen in the controls (Fig. 5c) . The 8-week overuse group (Fig. 5h ) also exhibited more positive cathepsin K staining than in the controls (Fig. 5d) .
DISCUSSION
This study examined the presence of active cysteine cathepsins in injured supraspinatus tendon. To demonstrate clinical significance, human supraspinatus tendon tissue was collected during arthroscopic reconstructive surgery and analyzed by cathepsin zymography. The specificity and sensitivity of cathepsin zymography allows detection of femtomole quantities of cathepsin K 25 and detects only the active form of enzymes, distinguishing it from antibody-based techniques and making it ideal for use in tissue samples with low protein amounts. While Cathepsin K has been examined at the gene expression level in tendon previously, 6 ,33 the presence of proteolytically active cathepsins has not been demonstrated previously within tendon tissue. In addition to tendon and muscle injuries, cathepsins have been implicated in other collagenolytic degenerative disorders 6, 13, 14, 21, 33 and thus may be an important player in promoting tissue damage in tendinopathy prior to full tears. The activity of tissue-specific, highly collagenolytic cathepsins K and L, as well as V and S (Fig. 1) , which have relatively weak collagenolytic ability, 10, 23 highlights the sensitivity of zymography as well as demonstrates the complex and relatively unexplored factors causing tendon tears and the changes in proteolytic profiles from initial overuse injury to ''end state'' damage (full or partial tear).
Given these results, our remaining studies focused on determining the role of these cathepsins within tendon and how they may participate in the timeline of tendon injury. Due to limitations of human testing with this type of injury, an animal model able to produce tendinopathic characteristics over a period of time was required to better understand early ECM changes that might lead to end-stage disease. Thus, a well-established rat overuse protocol 4, 30, 42 that features acromial impingement on the supraspinatus tendon was adapted for use with an inbred strain of rat (to allow for the possibility to explore autologous cell therapy for overuse injuries in future studies). The inbred
From histological analysis, we observed evident damage to the supraspinatus tendon after overuse. While significant damage occurred by 4 weeks of overuse in outbred strains, 42 only minor histological damage was observed by 4 weeks in this study, possibly due to the lower weight of inbred vs. outbred strain of rats. However, by 8 weeks of overuse, the insertion region of the supraspinatus tendon displayed obvious changes to the fiber organization and cell shape (Fig. 2) . Fiber separation from bundles and increased cell rounding were more evident by 8 weeks of overuse compared to the 4-week overuse group, indicating that increased time of overuse can cause accumulation of damage. Comparisons between the insertion regions of the 8-week group showed differences in crimping pattern at the insertion (Fig. 3) . While the insertion region of the control tendon demonstrated tightly packed fibers with periodic and cohesive crimping, the insertion of the overuse tendon exhibited regions with flattened crimps and a loss of the periodicity of crimping. Reduction in tendon crimping can result from exercise-induced microtrauma, 35 and may be a macroscopic representation of collagen disruption that can ultimately alter biomechanical properties. 42 By confirming the tendon tissue damage by H&E staining and polarized light microscopy, we determined that this rat model was appropriate to study the molecular level changes in tendon overuse.
The insertion region of the tendon is clinically relevant, as most damage and tears occur in this region, reflecting the complex mechanical forces imparted to this region. 5 Histological scoring displayed the differences between the overuse and control groups at the insertion region. Primary differences in scoring indicated observable changes to cell shape, which was detected by the 4-week timepoint, and fiber organization, which was observed by 8 weeks. Cell shape, reflected by the shape of nuclei, appeared to be rounder near the insertion of the overuse group, as noted previously. 37 The scoring results also further confirmed the disruption in collagen organization compared to controls at the insertion region by 8 weeks of overuse, potentially contributing to the decreased alignment of cells observed (Fig. 2) . The extent of tissue damage by 8 weeks indicates demonstrable overuse pathology. There was no observable neovascularization or inflammatory infiltrate in the tissue sections, which indicates that tendinopathy can occur in this model without obvious inflammation or changes to vascularity as suggested previously. 1, 3, 11 While neovascularization has been observed in other studies, it may be a feature of a later stage of healing in response to tendon damage by other means such as tendon detachment. 18 Our novel multiplex cathepsin zymography method has resulted in the first quantitative report that protease activity is upregulated specifically at the insertion region of overused tendon. The increased expression of molecules such as nitric oxide synthase 4 or heat shock protein 30 early in tendon overuse can help discern molecular events in disease progression. In the same vein, detection of increased cathepsin activity can also point to progressive degeneration. Previously, cathepsin D was detected only by immunohistochemistry within the granulation tissue of torn rotator cuff 20 and was hypothesized to activate other chemical mediators. However, in this study, in the absence of granulation tissue, detection of increased cathepsin K and L activity over controls by 4 weeks (Figs. 4a-4c ) via zymography occurred before there was any observable tissue damage.
Other animal models have exhibited early cathepsin gene expression changes prior to the onset of orthopedic diseases. In a transgenic Del1 osteoarthritis mouse model, higher cathepsin K mRNA levels were observed 3 months before disease onset. 31 In UTU17 transgenic mice, which constitutively overexpresses the cathepsin K gene, early cathepsin K production was found in the synovial lining ahead of severe cartilage degeneration 5 months later. 32 These studies suggest that cathepsin K expression precedes many observable tissue changes that describe disease onset. It has been suggested that cathepsin K plays a major role in initiating fibrillar collagen degradation by exposing a greater number of sites for other collagenases to work and sustain the degradation. 17 In our study, cathepsin K exhibited a temporal response with overuse, with high activity at 4 weeks at the tendon insertion and minor activity by 8 weeks compared to age-matched controls (Fig. 4f) . While cathepsin K staining was positive by immunofluorescence for both timepoints, antibodies generally do not distinguish between the inactive proform of the enzyme and the proteolytically active mature form of the enzyme.
In contrast to early cathepsin expression that may start the cascade of tissue degradation, sustained cathepsin overexpression can cause accumulation of damage over time, which has been shown in an osteoarthritis mouse model with cathepsin K overexpression. 24 In the study presented here, at 8 weeks of overuse, cathepsin L activity remained higher in the overuse group than control tendons at the insertion, indicating that protein digestion remained elevated over time (Fig. 4e) . These results are in general agreement with the upregulation of cathepsin L activity observed in rat supraspinatus muscles 2 weeks after supraspinatus tendon transection or suprascapular nerve injury. 21 This sustained higher cathepsin L activity may suggest its importance in contributing to increased ECM degradation.
Cathepsin K and L perform optimally at slightly acidic pH, which reinforces their roles in collagen degradation via local secretion or within the lysosomal compartments of tendon fibroblasts (Fig. 5) . These cathepsins can have interconnected functions with each other and with other proteases such as MMPs and serine proteases. 15, 19 In addition, lysosomal-based enzymes such as cathepsins can play a role in cell death during tissue damage. 21 Thus, cathepsins may be a potential molecular target for inhibition in tendon overuse injuries, as has already been explored in other orthopedic diseases. 9 In osteoporosis, administration of cathepsin inhibitors in osteoporosis studies have shown decreased collagen resorption markers and increased bone strength, 29 suggesting that similar therapeutic strategies may be efficacious in degenerative tendon disorders as well.
The results shown here represent a fundamental study on the role of a new class of enzymes within overused tendon, however, additional studies will need to be conducted to establish the specific roles and time course of cathepsins in the progression of clinical tendinopathy and correlate cathepsin activity to functional (mechanical) changes in tendon to further validate the biological and clinical relevance of these findings. In the same vein, in order to evaluate the potency of cathepsins in tendon degeneration, it will be important to study local and selective cathepsin inhibition within overused tendon. While tissue adaptation is always a possibility in these types of animal exercise models, the correlation of results in rodents with endstage human samples, as well as the ability to detect enzymatic changes within a specific region of tendon suggest that such an animal model is useful to provide insight into mechanisms of matrix degradation with tendon overuse.
Through these studies, we have demonstrated that cathepsin activity is a novel potential mechanism for tendon matrix turnover that has not been described previously in tendon overuse injuries. In human samples representing the final stage of disease (chronic rotator cuff tears), a range of cathepsins were shown to be active via zymography. In a corresponding rodent animal model, differences in tissue structure and quantitative cathepsin activity were greatest at the insertion region, where most tendon ruptures occur. 5 While it is recognized that tendinopathy represents a range of pathologies, 22 in this study, cathepsin upregulation relatively early and in specific areas of the tendon suggest that these enzymes may play an important role in the cascades of events that occur prior to tendon failure. Thus, understanding the role of cathepsins in tendon overuse may help develop treatment plans to prevent tendon rupture by locally altering the activity of these potent proteases.
